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Abstract
Appropriate blood supply and vascular development are necessary in development and in cancer, heart disease, and diabetes. Here, we
report the use of DiI-labeled acetylated low-density lipoprotein (DiI-Ac-LDL) to label endothelial cells and characterize the vasculature of
live Xenopus embryos. The atlas we have created provides a detailed map of normal vascular development against which perturbations of
normal patterning can be compared. By following the development of the intersomitic vessels in real-time, we show that, while rostrocaudal
gradient of maturing intersomitic vessels occurs, it is not absolute. In addition, the comparative study of the ontogeny of nerve bundles from
the spinal cord of transgenic Xenopus embryos expressing green fluorescent protein in the nervous system and blood vessels demonstrates
a strong anatomical correlation in neurovascular development. These studies provide the basis for understanding how the vascular system
forms and assumes its complicated stereotypical pattern in normal development and in disease.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The formation of blood vessels is a critical step in em-
bryonic development, and the cardiovascular system is the
first organ system to form and function. The vessels are
made up of endothelial cells that form a single epithelial
layer lining the vasculature. In addition to their function in
supporting blood circulation, endothelial cells also play an
important role in the development of other organs, such as
the liver and pancreas (Lammert et al., 2001; Matsumoto et
al., 2001). Embryonic vascular development proceeds
through a combination of two related processes: vasculo-
genesis, by which the major vessels are established by
coalescence of endothelial cell precursors (angioblasts), and
angiogenesis, the process of vessel sprouting (reviewed in
Cleaver et al., 1999). In addition, it has become apparent
that abnormalities in vascular growth play a critical role in
a variety of disease processes. In cancer formation, tumors
must develop a vascular supply by angiogenesis to expand
in size beyond the few-millimeter diffusion capacity of
oxygen (Folkman, 1995). In coronary artery disease, a lack
of functional blood supply causes heart attack. It is therefore
important to identify the factors that promote, inhibit, and
localize blood vessel growth in order to therapeutically
manipulate these processes.
Xenopus laevis is an extremely useful model organism in
which to study the processes and factors involved in both
vasculogenesis and angiogenesis. Xenopus embryos possess
significant clarity during vascular development and allow
observation of almost the entire vascular tree. Further, it has
previously been established that Xenopus share a greater
vascular similarity with higher vertebrates than do other
model systems, such as zebrafish. For example, Xenopus
embryos have septated atria, lungs, defined heart valves, a
mammalian-like pattern of tail vasculature, blood islands,
and a vitelline network (Kolker et al., 2000; Mohun et al.,
2000; Cleaver et al., 1999; Millard, 1949; Aoyama, 1956;
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Kau and Turpen, 1983). In Xenopus, as in higher verte-
brates, the earliest stages of vascular development involve
angioblast induction in the mesoderm of embryos (reviewed
in Cleaver et al., 1999). While several experiments suggest
that angioblasts can arise from most presumptive gastrula-
stage mesoderm (Noden et al., 1989; Devic et al., 1996;
Mills et al., 1999), the major population of angioblasts in
Xenopus embryos arises in the dorsal lateral plate mesoderm
during neurula stages, as indicated by in situ hybridization
with the angioblast markers flk-1 and x-msr (Cleaver et al.,
1997; Devic et al., 1996, reviewed in Cleaver et al., 1999).
Later development of Xenopus vasculature has been well
described by Hartman, Paterson, Millard, and others (Hart-
man, 1922, 1923, 1924; Millard, 1941, 1945, 1949; Pater-
son, 1942), although these studies rely on low-resolution,
hand-drawn figures and their techniques of Berlin-blue dye
and resin injections are toxic to the animal so that only casts
of the blood vessels of dead animals were studied. Further-
more, they do not include a detailed examination of the
formation of the intersomitic vessels or kidney vasculature,
two prominent features of Xenopus vascular development.
The intersomitic vessels are a particularly useful area for
studying subtle perturbations in angiogenesis (Helbling et
al., 2000). In another experimental approach, studies on the
zebrafish have used fluorescent markers such as FITC-la-
beled beads to analyze vascular development in vivo, but
dynamic long-term development in an organism cannot be
studied with this method (Isogai et al., 2001). Long-term in
vivo angiogenesis has been studied by injecting Xenopus
blastomeres with rhodamine-dextran and following em-
bryos with labeled vasculature (Rovainen, 1991) and by the
creation of transgenic zebrafish that express EGFP under the
fli-1 promoter (Lawson and Weinstein, 2002). However,
neither of these studies provides a complete analysis of
vascular development in Xenopus.
To circumvent these issues, we sought to create a high-
resolution three-dimensional atlas of the stereotypical and
dynamic pattern of normal vascular development using DiI-
labeled acetylated LDL (DiI-Ac-LDL) to mark endothelial
cells and track the outgrowth of blood vessels. We injected
the in vivo endothelial cell marker DiI-Ac-LDL (Netland et
al., 1985) into the beating hearts of Xenopus tailbud-stage
embryos and analyzed the embryos by confocal microscopy
to detect the fluorescent DiI signal. The DiI-Ac-LDL per-
fuses the vasculature of the embryos and is taken up by
endothelial cells through a scavenger cell receptor (Stein et
al., 1980; Brown et al., 1983; Voyta et al., 1984; Netland et
al., 1985). This compound is not toxic to endothelial cells
(Voyta et al., 1984) and the fluorescent signal persists inside
endothelial cells for several days to weeks, allowing long-
term analysis of the dynamic formation of the vascular
system in vivo.
In this study, we have analyzed the vascular system in
embryos beginning at stage 33, because this is when the
heart begins to beat, and through stage 46, by which point
the major vessels of the Xenopus embryo have been estab-
lished. We have placed special descriptive emphasis on the
kidney and intersomitic vessels because these structures
have not been previously characterized in detail. We have
extended our studies to illustrate the usefulness of this
technique in two paradigms for future experimentation: the
outgrowth of highly stereotypical vessels in real time and
the correlation between vascular development and axonal
outgrowth in transgenic frog embryos expressing green flu-
orescent protein (GFP) in the nervous system (Marsh-Arm-
strong et al., 1999). The resulting atlas provides the basic
blueprint for studying mechanisms and perturbations of
vascular development in the Xenopus embryo.
Materials and methods
Handling of embryos
Embryos were obtained and manipulated as previously
described (Hemmati-Brivanlou et al., 1989) and staged as
described in Niewkoop and Faber (1967).
Labeling of embryos
Embryos were anesthetized by placing them in a benzo-
caine solution (1 g/ml in 0.1  MMR) and then placed in
indentations in a 1% agarose gel made in 0.1  MMR that
was covered with 1–2 mm of benzocaine solution to main-
tain anesthesia. Embryos between stages 33 and 40 were
placed on their sides; older embryos were placed ventral
side up. A total of 30–60 nl of 1 mg/ml DiI-labeled acety-
lated-LDL (Molecular Probes #L3484) was injected into the
heart of each embryo. Embryos used in dynamic studies
were injected as above and immediately analyzed with a
Zeiss Axioplan wide-field (conventional) microscope. They
were then kept in 0.1  MMR and were reanesthetized and
reexamined, on average, every 2 h (range 1.5–5 h) for 16 h,
at which point the increasing width of the embryos pre-
cluded accurate overlap of sequential images. Significant
changes in blood vessel growth could be determined at
approximately 4-h intervals.
Embryos for the atlas were fixed in 4% paraformalde-
hyde, stored in PBS with 0.1% paraformaldehyde, and an-
alyzed by wide field and confocal microscopy. Confocal
images were obtained by using a Zeiss LSM 510 confocal
microscope fitted with an XY-motorized stage. Images were
collected by using the HeNe laser 543-nm excitation line
and a 10  0.45 NA Plan-Apochromat objective lens, or
using a 5 0.25 NA Fluar or 40 1.2 NA C-Apochromat
objective lens when stated. For embryos too large to be
captured in a single frame, Z-stacks were collected from
neighboring XY tiles, and the resulting stacks were stitched
together by using the LSM multitime macro or custom
software written in the Rockefeller University Bio-Imaging
Resource Center. A frame size of 512 by 512 pixels was
maintained for each individual tile. Images are presented as
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maximum projections unless otherwise indicated as single
z-slices.
Frozen sections
Embryos were labeled with DiI-Ac-LDL (as above) and
fixed in 4% paraformaldehyde (PFA), transferred to 30%
sucrose overnight, and mounted in OCT compound (Sakura
4583), and a cryotome was used to prepare 10-m sections.
In situ hybridization
Frozen sections were prepared and postfixed in 4% PFA
for 10 min at room temperature (rt), washed in PBS, and
acetylated for 10 min in 12.5 l acetic anhydride/5 ml 0.1 M
triethanolamine. Sections were then permeabilized with
PBS/1% Triton X-100 for 30 min and then washed in PBS.
For hybridization, sections were covered with hybridization
buffer for up to 6 h, which was then replaced with hybrid-
ization buffer containing DIG-labeled x-msr probe (provid-
ed by M. Saha) or flk-1 probe (PCR product of bp 707–990
of flk-1 cDNA subcloned into the pGEM vector; linearized
with NcoI and transcribed with SP6) and incubated over-
night at 65°C in a humidified chamber. Slides were trans-
ferred to 0.2 SSC at 65°C for 1 h, then washed again in
0.2 SSC at rt for 5 min, which was replaced by MAB
(Maleic Acid Buffer) 5 min, rt. Then, 2 ml of MAB with
10% heat-inactivated goat serum was added to the slides
and incubated for 1 h at rt. This was replaced with the same
buffer with anti-DIG antibody (1:5000) added, and slides
were placed overnight at 4°C in a humidified chamber.
Slides were then rinsed three times with MAB and equili-
brated with 0.1M Tris pH 9.5 with 0.1 M NaCl and 50 mM
MgCl2. A total of 1 ml of BM purple AP substrate (Boeh-
ringer Mannheim 1442074) was added to the slides, and
slides were incubated at rt in a dark, humidified chamber.
Color reaction was stopped by rinsing with PBT, and slides
were mounted in 80% glycerol.
Results
Atlas of Xenopus vascular development
To create an atlas of vascular development in the
Xenopus embryo, we injected DiI-Ac-LDL into the hearts
of embryos between stages 33 and 46. This method of
visualizing endothelial cells has not been used previously
in Xenopus, although a Xenopus mRNA has been cloned
that is similar to the human scavenger receptor respon-
sible for DiI-Ac-LDL uptake (GenBank Accession No.
BG513606).
It should be noted that, in other studies (Netland et al.,
1985), macrophages have also been shown to take up DiI-
Ac-LDL; however, they may be distinguished from endo-
thelial cells because DiI-Ac-LDL labels macrophages as a
single, large granule, while endothelial cells are labeled in a
“delicate granular pattern” (Fig. 1b, arrowhead) (Brand-
Saberi et al., 1995). In addition, macrophages are not
present in the linear, branching pattern typical of vessels.
We also confirmed the specificity of DiI-Ac-LDL for endo-
thelial cells in Xenopus by colabeling of endothelial cells
with the Xenopus endothelial cell markers x-msr (Devic et
al., 1996) and flk-1 (Cleaver et al., 1997) (Fig. 1c and d).
We performed colocalization experiments with stage 33/34
embryos in which x-msr and flk-1 are expressed at high
levels. At these stages, DiI-Ac-LDL labels a subset of en-
dothelial already incorporated into vessels. Importantly, we
did not see any DiI-Ac-LDL labeling of cells unlabeled by
x-msr or flk-1.
Using DiI-Ac-LDL as a marker for the vasculature,
we created a comprehensive, three-dimensional atlas of
vascular development in the Xenopus embryo (see xenopus.
Fig. 1. DiI-Ac-LDL labels the vasculature of Xenopus embryos. (a) 10 magnification confocal image and (b) 40 magnification confocal image of vessels
in a stage 43 embryo. Both images represent single z-slices of 52.0 and 1.4 m, respectively. The granular staining of endothelial cells can be observed
(arrowhead). (c) a 40 wide field microscopy image of DiI-Ac-LDL labeling of the vascular vitelline network (vvn) in a 10-m frozen section of a stage
33/34 embryo. (d) Colabeling of the DiI-Ac-LDL label with a subset of cells expressing the endothelial marker, flk-1 (black arrowheads indicate cells with
both labels) on the same 10-m frozen section. Unless otherwise indicated, the fluorescent DiI-Ac-LDL signal is indicated as red.
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rockefeller.edu/vasc1 for a three-dimensional presentation).
We analyzed embryos between stages 33, at the onset of the
heartbeat and the beginning of blood circulation, and stage
46, when most of the major embryonic vessels have formed.
Embryo hearts were injected with DiI-Ac-LDL, and em-
bryos were fixed. At least 15 embryos of each stage were
studied by wide-field microscopy, and typical results were
further analyzed by confocal microscopy. Vessels were an-
atomically identified by comparison with published evi-
dence from Xenopus (Millard, 1941, 1942, 1945, 1949;
Paterson, 1942), zebrafish (Isogai et al., 2001), and reviews
of the circulatory system of mammals (Evans, 1912; Ham-
ilton, 1952; Carlson, 1999). Names were given to vessels to
best correspond with standard nomenclature of human anat-
omy (see Table 1 for names and abbreviations). For in-
stance, the primary head sinus described by Isogai et al.
(2001) corresponds to the human internal jugular vein;
therefore, we have identified this vein as the internal jugu-
lar. We present the data both temporally (Figs. 2–7), to
portray progressive development, and by region of the vas-
culature (Table 2 and Fig. 8), to facilitate study of a partic-
ular area. The description for each stage is presented with
data for the head vasculature first, followed by trunk, and
then tail vasculature. Arteries are described before veins.
Stage 33/34
The first angioblasts (endothelial cell precursors) may be
induced in Xenopus embryos as early as late blastula (stage
9), as indicated by the expression of the vascular markers
x-msr (Devic et al., 1996). The endothelial cell marker flk-1
can be detected at neurula stages (stage 15) and in the future
heart region at stage 18 (Cleaver et al., 1997). The first
vessels to form are those that immediately leave and enter
the heart and include the ventral aorta, aortic arches, Duct of
Cuvier (the venous drainage into the heart), and the anterior
and posterior cardinal veins (Fig. 2). In situ hybridization
has been used to detect angioblasts in the lateral embryo that
will contribute to the posterior cardinal veins as early as
stage 24 (Cleaver et al., 1997) and angioblasts that can be
seen migrating to form the dorsal aorta between stages 28
and 34 (Ciau-Uitz et al., 2000).
The heart begins to beat at stage 33 of Xenopus devel-
opment; at this point, the vasculature consists of the first,
second, and third aortic arches; the omphalomesenteric
veins with the associated vascular vitelline network; and the
rudimentary anterior and posterior cardinal veins (Fig. 2).
Once fully established, the anterior and posterior cardinal
veins return blood from the dorsal head and the trunk,
respectively, and both drain into the Duct of Cuvier via the
pronephric sinus. By stage 34, loosely organized endothelial
cells that will form the acv can be seen in the dorsal head
and the pcv extends almost to the cloaca (Fig. 2).
Stage 35/36
According to Millard (1943), blood cells are first seen in
the heart at this stage. Circulation can be observed as blood
leaves the heart through the ventral aorta, flows through the
first through fifth aortic arches (Fig. 3b), and then flows
either caudally through the paired dorsal aortae or cranially
through the primitive internal carotid artery. A ring of en-
dothelial cells may be seen around the eye, indicating that
blood is being delivered to the head; however, both the
internal carotid artery and the dorsal aortae are too deep
inside of the embryo to be visualized well at this stage. In
the venous system, the head veins are the vena capitis
medialis (which drains into the acv) and the vena capitis
lateralis, which is just beginning to form. The pcv extends
behind the cloaca and the first intersomitic veins have begun
to sprout from the pcv. Just behind the pronephric sinus,
which appears as a broad channel, these sprouts grow dor-
sally and will eventually drain into the dorsal longitudinal
anastamosing vessel. In addition, blood flows through the
vascular vitelline network and from the more dorsolateral
branches of this network into the pcv (Fig. 3c).
Table 1
Abbreviations for Vessel Names
Aortic arch aa
Anterior cardinal vein acv
Anterior cerebral vein acev
Cerebral vein/orbitonasalis of Millard, 1949 cv
Choroidal vascular plexus cp
Cloaca cl
Dorsal aorta da
Duct of Cuvier dc
Dorsal longitudinal anastomosing vessel dlav
Left branch lb
Right branch rb
External carotid artery eca
External jugular vein ejv
Gastric vein gv
Heart ht
Internal carotid artery ica
Internal jugular vein ijv
Intersomitic artery isa
Intersomitiv vein isv
Left omphalomesenteric vein lom
Lymph heart lh
Mesencephalic artery msa
Mesencepahlic vein msv
Metencephalic artery mta
Middle cerebral vein mcv
Musculoabdominal vein (ventrolateral component of ejv) mab
Nasociliary artery nca
Olfactory bulb ob
Opthalmic artery oa
Ophthalmic vein ov
Posterior cardinal vein pcv
Posterior cerebral vein pcev
Pronephric sinus k
Prosencephalic artery psa
Subintestinal vein siv
Vena capitis lateralis vcl
Vena capitis medialis vcm
Vascular vitelline network vvn
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Table 2
Vascular development of the Xenopus embryo: geographic and progressive description
Location Stage
33/34 35/36 37/38 40 41 43 45 46
Head arterties rudimentary ring
around eye
full ring around eye definitve internal carotid
artery can be seen;
metencephalic artery
forms
two rings of vessels
around eye; internal
carotid artery gives off
palatine, ophthalmic, and
cerebral branches; cerebral
artery gives off nasociliary
artery
external carotid
artery is formed
and delivers blood
to the filter
apparatus
mesencephalic
artery is formed
Head veins early anterior cardinal
vein drains into
pronephric sinus
vena capitis medialis
drains into acv; vena
capitis lateralis begins
to appear
middle, posterior, and
anterior cerebral veins
cross the head dorsally;
ventrally, the
musculoabdominal veins
begin to form
vena capitis medialis begins to
thin
vena capitis lateralis forms
the internal jugular vein
and receives the pharyn-
geal, ophthalmic, and
cerebral veins, and the
anterior dorsal longitudinal
anatomosing vessel
internal jugular vein
forms loop around the
olfactory bulb
external jugular
vein is more
developed and
drains the filter
apparatus
Aortic arches 1–3 present 4–5 develop 1 disappears, becoming
the external carotid artery;
2 begins to degenerate
6 develop 6 degenerates into
pulmonary artery; 3–5
persist
Trunk vasculature pronephric sinus drains
into heart via Duct of
Cuvier; drains anterior
and posterior cardinal
veins
pronephric sinus folds
into “S” shape
omphalomesenteric veins break up
into capillary network;
subintestinal vein is on the left
side of the gut
subintestinal vein is on the
most ventral aspect of gut
subintestinal vein is on
the right side of the gut
Tail vessels posterior cardinal vein
extends from cloaca to
drain into pronephros
posterior cardinal vein
extends behind cloaca
bilateral posterior cardinal
veins begin to merge;
unified vein forms a loop
with dorsal aorta at the
tip of the tail; dorsal
longitudinal anastomosing
vessel extends to tip of
the tail
bilateral posterior cardinal
veins are fully merged;
dorsal longitudinal
anastomosing vessel
drains into the joint
posterior cardinal vein
capillary network
covers the rostral
half of the tail
Intersomitic
vessels
intersomitic veins
begin to sprout
dorsally off of
posterior cardinal vein
caudal to the
pronephric sinus
intersomitic arteries
sprout dorsally off of the
dorsal aorta; intersomitic
veins sprout from the
rostral 2/3 of the tail and
form a regular pattern in
the most rostral third
intersomitic vessels sprout from
the dorsal aorta and posterior
cardinal vein in the tip of the tail
rostral-most 2/3 of the
intersomitic vessels have a
defined, regular pattern
all of the intersomitic
vessels are now defined;
the rostral-most vessels
begin to sprout a capillary
network
entire tail is covered
by a capillary
network that extends
between the
intersomitic vessels
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Stage 37/38
The first and second aortic arches begin to degenerate but
the first aortic arch will give rise to the external carotid
artery. The splitting and rejoining of the third and fourth
aortic arches, described by Millard (1943), is observed (Fig.
3b, yellow arrowhead). A definitive internal carotid artery
Fig. 2. Vasculature of stage 33/34 embryos at the initiation of the heart beat. Confocal images of (a) DIC and fluorescence and (b) fluorescence alone showing
the heart (ht), first aortic arches (aa-3), eye, anterior (acv), and posterior (pcv) cardinal veins which drain into the pronephric sinus (k) and Duct of Cuvier
(dc), and vascular vitelline network (vvn). The width of each z-slice is 23.5 m.
Fig. 3. Vascular system of stage 35–38 embryos. Confocal images (z-width of 93.9 m) of (a) DIC and fluorescence and (b) fluorescence only of a stage
36 embryo, showing the early internal carotid artery (ica), the further development of the eye vasculature, extension of the posterior cardinal vein (pcv), early
intersomitic sprouts (isv), and the formation of the fourth and fifth aortic arches (aal, 5 arrows; aa2–4 arrowheads). The splitting of the fourth aortic arch
is indicated by a yellow arrowhead. (c) Lateral view of the head and trunk vasculature of stage 35/36 embryo showing early intersomitic veins (isv) sprouting
off of the posterior cardinal vein (pcv) and the formation of the vena capitis medialis (vcm). This image was taken at 5 magnification on a Zeiss Axioplan.
(d) The dorsal head of a stage 37/38 embryo showing the development of the anterior (acev), middle (mcv), and posterior (pcev) cerebral arteries. The
metencephalic artery (mta) is also forming at this stage and runs with the middle cerebral vein. These vessels all cross the brain dorsally between the bilateral
vena capitis medialis veins (vcm). This confocal image was taken at 5 magnification with a z-width of 36.6 m.
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can be seen as the cranial continuation of the dorsal aorta.
Dorsally, the metencephalic artery begins to cross the brain
to meet its counterpart from the other side, running with the
middle cerebral vein (Fig. 3d). In the venous system, rudi-
mentary forms of the major dorsal head veins have formed
and include the vcm and the vcl (which meet each other at
two points) and the anterior cardinal vein into which they
drain (Fig. 3d). The anterior, middle, posterior cerebral
veins cross dorsally between the bilateral vcm veins drain-
ing into the vcm anteriorly (the anterior cerebral vein) and
at the two points where it joins the vcl (the middle and
posterior cerebral veins). Ventrally, the primitive musculo-
abdominal veins begin to appear; these are the ventrolateral
element of the external jugular vein described by Millard
(1949) (not shown). In the trunk, the pronephric sinus has
become more like a vessel, is densely stained, and has
folded several times in on itself to form an “S” shape (see
below). The caudal dorsal aorta penetrates into the tail and
forms a direct loop with a small region of the bilateral
posterior cardinal veins that have fused with each other in
the tip of the tail (data not shown). This fusion spreads
rostrally over the next few stages. The intersomitic veins
sprouting off of the pcv have become more defined in the
rostralmost third of the tail but are not yet detected in the tip
of the tail. However, the dlav extends fully to the tip of the
tail. The vvn covers approximately half of the yolk and flow
through this plexus is continuous with the pcv (Fig. 3c).
Stage 40
Few changes are observed in the head vessels, except for
the thinning of the vcm relative to the vcl (Fig. 4b) which
are now fully joined together at three points (Fig. 4c, ar-
rowheads). The dorsal branch of the vcm becomes the
ophthalmic vein. In the trunk, the omphalomesenteric veins
are breaking up to merge with the vascular vitelline net-
work. The subintestinal vein is formed from the left ompha-
lomesenteric vein and can be seen on the left of the intes-
tine, although in later stages it moves to the right side (Fig.
4d). In the tail, the intersomitic arteries can be seen sprout-
ing from the dorsal aorta and extending toward the dorsal
longitudinal anastomosing vessel. The intersomitic arteries
may been seen caudal to the intersomitic veins and a few
intersomitic arteries may be seen at the tip of the tail. The
rostral half of the tail has fully defined sprouts that extend to
the dlav at each intersomitic junction (Fig. 4b).
Stage 41
The sixth aortic arch has degenerated, leaving behind the
pulmonary artery and the three persisting aortic arches: the
third, fourth, and fifth (Fig. 4a–c). The eye vasculature
has become more defined with a double ring of vessels
encircling the eye and the retina. Blood is delivered to the
eye by the ophthalmic artery (not shown), a branch of the
internal carotid artery and blood is drained by the ophthal-
mic vein (Fig. 4c), the dorsal remnant of the vcm. The
Fig. 4. Vasculature of stage 40–41 embryos. Confocal images (z-width 43.4 m) of (a) DIC and fluorescence and (b) fluorescence only of a stage 40 embryo
showing the vena capitis lateralis (vcl) and the vena capitis medialis (vcm) and the further sprouting of the intersomitic vessels (isa, isv). (c) Confocal image
(z-width 38.4 m) of a dorsolateral view of the head of stage 41 embryo showing the anterior cerebral vein crossing the head (acev) and the many small
capillaries that cross the head between the cerebral veins, as well as the dominance of the vcl over the vcm. (d) Ventral view of a stage 41 embryo gut showing
the subintestinal vein (siv) draining into the left omphalomesenteric vein (lom), taken with wide-field microscopy.
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anterior continuation of the internal carotid artery is the
cerebral artery, which gives rise to the nasociliary artery
anterior to the eye (Fig. 4b). The vcl becomes the internal
jugular vein and receives a short pharyngeal vein that is
difficult to see in most embryos; the ophthalmic vein; the
anterior, middle, and posterior cerebral veins; the cerebral
vein, that is the anteriormost tributary of the ijv; and the
anterior continuation of the dlav. The ijv continues to drain
into the acv (Fig. 4c). In the trunk region, the subintestinal
vein has moved to the most ventral aspect of the gut and can
be seen draining into the capillary network of the ompha-
lomesenteric veins (Fig. 4d). In the tail, the rostralmost 2/3
of the isv are defined.
Stage 43
At this point, the eye vasculature is fully established with
the two concentric rings described above and many con-
necting capillaries between them (Fig. 5a and b). The head
vasculature remains largely the same. The ijv extends ante-
riorly, forming a loop around the olfactory bulb and con-
tinuing just beyond it as the cerebral vein, referred to by
Millard (1949) as the orbitonasalis vein (Fig. 5c). In the
trunk, the pronephros has now become a loose knot of
several tangled vessels (see below). Slightly posterior and
dorsal to the pronephric sinus, the bilateral lymph hearts
may be seen beating in live embryos (Fig. 5b). The subin-
testinal vein is on the right side of the gut and drains the
gastric vein on its right side (Fig. 5d). The bilateral posterior
cardinal veins have continued to fuse in a rostral direction
and now only one main pcv exists for the tail (Fig. 5a).
Posterior to the gut, the dlav drains into the fused pcv by a
minor right branch and a major left branch (Fig. 5e). Shortly
thereafter, the right branch disappears and the left branch
delivers all of the blood from the dlav into the pcv. The
intersomitic vessels of the entire tail are now defined and the
rostralmost intersomitic veins begin to sprout capillaries,
forming a ramified capillary network between the inter-
somitic vessels (Fig. 5a).
Stage 45
A plexus of capillaries is visible anteromedial to the eye
that may be the choroidal vascular plexus described by
Isogai et al. (2001) (Fig. 6a). In addition, many small ves-
sels appear that serve the filter apparatus. Blood is delivered
Fig. 5. Vasculature of stage 43 embryos. (a) Confocal image (z-width 24.9 m) of the profile of stage 43 embryo showing the musculoabdominal vein crossing
from the ventral aspect of the head to the Duct of Cuvier, the right side position of the subintestinal vein, and the further definition and capillary sprouting
of the intersomitic vessels. (b) Confocal image (z-width 42.3 m) of a dorsolateral view of stage 42/43 embryo head showing ophthalmic artery (oa) entering
the eye and the crossing of the external jugular vein (ejv) from the ventral head to the Duct of Cuvier. The lymph heart (lh) may also be seen. (c) Wide-field
microscopy image of a dorsal view of lateral head of stage 43 embryo showing ophthalmic artery (oa) supplying blood to the eye and the ophthalmic vein
(ov) draining the eye. The relationship of the ophthalmic artery arching over the ophthalmic vein can be seen. The ophthalmic vein drains into the internal
jugular vein (ijv) whose tributaries include the anterior part of the cerebral vein that loops around the olfactory bulb. (d) Ventral view of the gut of a stage
43 embryo showing the subintestinal vein on the right side of the gut, draining the gastric vein (wide-field microscopy). (e) Lateral view of the dorsal
longitudinal anastomosing vessel (dlav) draining into the merged posterior cardinal vein (pcv) by the dominant left branch (lb) and the lesser right branch
(rb) (wide-field microscopy).
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to this region by the aortic arches (Fig. 6b) and drained by
the dorsal element of the external jugular vein, the latter of
which is poorly visualized. Bilateral pairs of vessels are
clearly seen on the ventral surface of the head, running
between the heart and the tip of the jaw. The more medial
pair is the external carotid artery that branches off of the
third aortic arches. The more lateral pair is the musculoab-
dominal vein, the ventrolateral element of the external jug-
ular vein (Fig. 6b and c). A third pair, most medial, is not
well visualized but is the dorsal element of the external
jugular vein. In the tail, the capillary network spreading
between the intersomitic veins has reached the middle of the
tail (Fig. 6a). By stage 45, the pattern of the tail vessels has
achieved the regularity and structure that characterizes this
region through later stages of development (Fig. 6d and e,
see below).
Stage 46
The major vessels of the head are now established. Dor-
sally, the internal carotid artery can be seen as the contin-
uation of the aortic arches and dorsal aorta. It curves ven-
trally before resuming a dorsal course as it enters the head
proper. It gives off the palatine artery (not shown) and then
the ophthalmic artery that enters the eye obliquely by cross-
ing over the opthalmic vein and internal jugular vein; the ica
then continues as the cerebral artery (Fig. 7a). It also gives
off the metencephalic artery, which crosses medially with
the middle cerebral vein, and more dorsally, the mesence-
phalic artery which also crosses medially to meet its partner
(Fig. 7c). The internal jugular vein is the main dorsal head
vein. It drains into the Duct of Cuvier. Its tributaries include
the remnant vcl that forms three-quarters of a circle looping
downward between the middle and posterior cerebral veins
Fig. 6. Vasculature of stage 46 embryo. (a) Confocal image (z-width 1.0 m) of a lateral view of a stage 46 embryo showing the nasociliary artery and the
expanding capillary networks of the dorsal head and between the intersomitic vessels (isv). (b, c) Ventral views of stage 46 embryos showing the extensive
vascular supply to the filter apparatus, particularly the ventralmost venous drainage into the musculoabdominal veins (mab). The musculoabdominal veins
drain into the Duct of Cuvier (dc) lateral to the heart. The persisting aortic arches (3–5) can also be seen (aa3– 5) and supply the external carotid artery (eca)
and the pulmonary artery. (b) A confocal image (z-width 66.9 m) and (c) was taken with wide-field microscopy. (d) Dorsal view of the tail of a stage 46
embryo showing the dorsal longitudinal anastomosing vessel (dlav) with paired intersomitic vessels sprouting off of the dlav at regular intervals (wide-field
microscopy). (e) A 10-m frozen section of a stage 46 tail showing the existence of a pair of intersomitic arteries (isa) and veins (isv) at the same intersomitic
junction and the arrangement of the isa medial to the isv (taken with wide-field microscopy).
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(Fig. 7c). At the bottom of its loop, it lies immediately
dorsal to the internal carotid artery. Draining into this loop,
in addition to the cerebral veins, is the ophthalmic vein, as
well as a short pharyngeal vein, which is difficult to ob-
serve. The anterior tributaries of the ijv arise from the most
anterior part of the dorsal jaw and drain into either the
cerebral vein, which drains into the ijv, or the anterior
continuation of the dorsal longtitudinal anatomosing vessel
that drains laterally into the ijv via the middle and posterior
cerebral veins (Fig. 7c). Ventrally, the blood supply of the
filter apparatus has become more extensive (although the
arterial supply is dorsal to the venous drainage and is there-
fore less well visualized). Laterally, the ventrolateral aspect
of the external jugular vein, the musculoabdominal vein,
may be seen crossing over the aortic arches to drain into the
Duct of Cuvier (Fig. 7a). The ventral aspect of the head
remains as in stage 45 but develops more extensive capillary
outgrowth (Fig. 6b and c). A dorsal view of the tail shows
the stereotypical arrangement of an intersomitic artery and
vein entering the dlav at each intersomitic junction (Fig.
6d). A cross-section of the stage 46 tail (Fig. 6e) shows the
regular relationship between the intersomitic veins and ar-
teries. At each intersomitic junction, the dorsal aorta gives
off a pair of intersomitic arteries which extend laterally and
then dorsally toward the dlav. Lateral to the intersomitic
arteries, intersomitic veins extend from the fused pcv to the
dlav. The above pattern is basically maintained until meta-
morphosis.
Development of the pronephric sinus and kidney
vasculature
Previous studies on Xenopus vasculature have not
closely examined the vessels of the pronephric sinus. There-
fore, using DiI-Ac-LDL labeling, we observed that the pro-
nephric sinus is one of the earliest elements of the vascu-
Fig. 7. Vasculature of the dorsal head of stage 46 embryos. (a) Dorsal view showing the proximal relationship of the internal carotid artery (ica) and the
internal jugular vein (ijv). In addition, the ventral external jugular vein (ejv) can be seen crossing dorsolaterally to drain into the Duct of Cuvier and pronephric
sinus (k). (b) Dorsolateral view of the head of a stage 46 embryo. (a) and (b) were obtained using a Zeiss Axioplan. (c) A dorsolateral view obtained using
confocal microscopy (z-width 30.0 m).
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lature to form and stains intensely with DiI-Ac-LDL at most
stages. It can be seen at stage 33/34 as bilateral swellings
where the anterior and posterior cardinal veins meet before
draining into the Duct of Cuvier to return blood to the heart
(Fig. 8a). By stage 37/38, the pronephric sinus has narrowed
and has folded several times, forming a complementary
pattern to the “S-shape” of the pronephros described by
Vize et al. (1995) (Fig. 8b). It continues to loop on itself,
and at stage 43 (Fig. 8c), it appears as a loose knot of several
layers; this formation has become a dense knot of many
small vessel loops by stage 45 (Fig. 8d). Often, DiI-Ac-LDL
can be seen leaving the pronephric sinus through the pro-
nephric ducts and is excreted from the embryo through the
cloaca (data not shown). This can be seen as early as stage
38.
Dynamic vessel outgrowth
To directly observe vessel development in vivo, embryos
were injected at stage 33/34 (time 0) and periodically re-
anesthetized and analyzed every 1.5–3 h. We chose to focus
on the outgrowth of the intersomitic vessels to demonstrate
the dynamics of an example of highly programmed angio-
genesis. While many forms of adult angiogenesis may be a
random, nonspecific growth of vessels into a tissue, angio-
genesis of the intersomitic vessels in embryonic develop-
ment is a highly prescribed process giving rise to a stereo-
typical pattern of blood vessels (Cleaver et al., 1997;
Helbling et al., 2000). The progressive outgrowth of the
rostralmost intersomitic veins in one embryo can be ob-
served in Fig. 9. Throughout Fig. 9, the third intersomitic
vessel is indicated (arrowhead) to highlight the progression
of a single vessel growing.
At stage 33/34, the first and second intersomitic vessels
can be seen (Fig. 9a). Then, 1.5 h later, the third and fourth
intersomitic vessels begin to bud off of the posterior cardi-
nal vein, showing the sprouting characteristic of angiogen-
esis (Fig. 9b). At 6 h, these vessels become more defined
and begin to branch capillaries, while more caudal inter-
somitic vessels begin to sprout off of the pcv (Fig. 9d). At
13 h, the earlier vessels have extended to the dorsal longi-
tudinal anastomosing vessel and spread capillaries (Fig. 9e).
Interestingly, the rostral–caudal gradient of maturing inter-
somitic veins exists but is not absolute within each em-
bryo—for instance, the fifth intersomitic vein is develop-
mentally more advanced than the third and fourth veins in
this specimen. In four other embryos similarly analyzed, the
rostral–caudal pattern was maintained, but in one embryo,
the eighth intersomitic vein was more advanced than the
first seven (data not shown).
Although the DiI-Ac-LDL might have labeled only vas-
culature that existed at the time of injection, we found that,
unexpectedly, vessels that lengthen or emerge after the
injection of label (stage 33/34) also contain labeled endo-
Fig. 8. Development of the vasculature of the pronephric sinus from stage 33/34 to stage 46 showing the progressive folding of the sinus into a tangled knot
of vessels. (a–d) Magnifications of confocal images with z-widths of 23.6, 37.8, 43.4, and 22.0 m, respectively. (a–d) are tracings of (a–d).
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thelial cells, allowing the observation of vessel elongation
and outgrowth. Furthermore, the DiI signal in vessels could
still be observed 5–10 days after injection (data not shown),
indicating the power of this technique to assess continous in
vivo vessel development.
Coordinated development of the vascular and nervous
systems
Intrigued by the striking observation that, in adult ani-
mals, blood vessels and nerves generally travel together in
tight neurvascular bundles surrounded by a common sheath
of connective tissue, we chose to explore the codevelopment
of the vascular and nervous systems. While the existence of
neurovascular bundles is widespread in adult anatomy, it is
not clear how arteries and nerves form such intimate spatial
relationships. We examined the developing vasculature to-
gether with the developing nervous system using a trans-
genic frog line that expresses a tau-gfp fusion protein under
the control of a neural-specific -tubulin III promoter
(Marsh-Armstrong et al., 1999). We examined the inter-
somitic vessels and somitic nerves that together correspond
to the intercostal neurovascular bundles seen in humans.
Fig. 10 shows the colocalization of intersomitic veins (red)
(that originate between somites) and somitic nerves (green)
(that grow from the spinal cord through the somites) in
single 12.4-m slices of confocal images. In Fig. 10a (20
magnified view), the vein and nerve may be seen converg-
ing from their respective origins of location, traveling to-
gether for the length of the somite, then diverging to their
respective destinations. This shows that, despite differences
in the timing and origins of development, the vasculature
and nervous systems are closely related even during early
development. The somitic nerve runs with the intersomitic
vein, not the intersomitic artery at stage 46 of Xenopus
development. Fig. 10b and c represents different z-slices
through the same image and show the somitic nerve colo-
calizing with the isv, while the deeper isa runs alone.
Discussion
We have used DiI-labeled acetylated LDL as an endo-
thelial cell marker to visualize the vasculature of live em-
bryos by injection of this substance into the beating hearts
of Xenopus embryos. To show the utility and advantages of
this method of visualization of vessels, we created a profile
of normal vascular development and also examined the
dynamics of this process by progressive imaging of vessel
outgrowth in live embryos.
DiI-Ac-LDL labels Xenopus embryo vasculature
DiI-Ac-LDL was injected into the vascular system of
Xenopus embryos and labeled vessels with the “delicate
granular staining” typical of endothelial-specific labeling
Fig. 9. Negative image of progressive outgrowth of the intersomitic vessels
in a live embryo. Embryos were injected at stage 33/34 with DiI-Ac-LDL,
reanesthetized every 1.5–3 h, and imaged using a Zeiss Axioplan (wide-
field microscopy). A typical time series is shown with representative
images from stage 33/34 (time 0), and 1.5, 3, 6, and 13 h later. The third
intersomitic vessel is indicated as a reference for following single vessel
outgrowth. The image is presented as a negative black/white image, where
black represents the fluorescent signal.
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(Brand-Saberi et al., 1995). DiI-Ac-LDL is not toxic to
endothelial cells (Voyta et al., 1984) and allows identifica-
tion and tracing of endothelial cells in live embryos days to
weeks after injection. Because the DiI-Ac-LDL reaches
endothelial cells through perfusion of the vasculature, it
only labels endothelial cells that are part of a patent vessel
(Brand-Saberi et al., 1995). This limits the use of this
technique for the study of the initial formation of vessels
when endothelial cells are first coalescing and delineates
only functional vasculature.
In contrast to the method of vessel visualization in which
FITC-labeled beads are injected into embryo hearts, the
potential labeling of macrophages with DiI-Ac-LDL does
not limit analysis of vascular development. In the case of
FITC-labeled beads, the label is carried in the flow of blood
and is not endothelial specific; therefore, the uptake of beads
by macrophages within minutes of injection removes the
entire label from circulation and totally eliminates the vas-
cular signal. However, the small amount of DiI-Ac-LDL
label that macrophages could take up does not at all dimin-
ish the signal from endothelial cells, allowing direct visu-
alization of the vascular network.
A high resolution atlas of the developing vasculature of
Xenopus embryos
Using this technique, we created a three-dimensional,
high-resolution atlas of normal vascular development in the
Xenopus embryo. Previous Xenopus studies on the devel-
opment of the circulatory system do not include compre-
hensive images of the entire vasculature and rely on hand-
drawn, low-resolution figures. While the narrative analyses
of Hartmann (1922, 1923, 1924), Millard (1941, 1942,
1945, 1949), and Paterson (1942) are particularly thorough
in their characterization of head vessels, the formation and
outgrowth of other regions, such as the intersomitic vessels
and kidney vasculature, are not described.
The intersomitic vessels develop by sprouting off of the
posterior cardinal vein and the dorsal aorta. Here we show
that these vessels are initially present as irregular vessels
extending towards the dorsal longitudinal anastamosing
vessel. Subsequently, the intersomitic vessels become more
defined and eventually form a regular pattern of linear
vessels at each intersomitic junction. As shown in Fig. 6e
and Fig. 11, the intersomitic vessels are arranged so that the
arteries branch from the aorta and maintain a medial posi-
tion, while the veins branch from the posterior cardinal vein
and occupy a lateral position. In later stages, the inter-
somitic vessels ramify into a capillary network that covers
the entire tail. This branching maintains a highly stereotyp-
ical pattern of vasculature with the branches off of each
intersomitic vessel following a similar structure (Fig. 12).
In the tail, a pattern is observed in which the rostral,
trunk region of the tail is developmentally more mature than
the caudal part. For instance, the intersomitic vessels sprout,
become defined, and branch a capillary network in the
rostralmost tail at least three stages before these events are
apparent in the caudal tail (represented in Fig. 11). While
the earliest intersomitic arteries cannot be observed, the
intersomitic arteries are more developmentally advanced
than the intersomitic veins at later stages; for example, at
stage 40, the arteries may be seen throughout the tail while
the veins only cover the rostral half. This pattern suggests
that the arteries may develop before the veins. The rostral–
caudal pattern is consistent with the rostral–caudal devel-
opment of other tissues, such as the nervous system. Inter-
estingly, the rostral–caudal gradient is not absolute and, of
five embryos analyzed for progressive outgrowth of inter-
Fig. 10. Codevelopment of somitic nerves and intersomitic vessels. Single 12.4-m z-slices from a confocal image of a stage 46 embryo expressing a tau-gfp
construct and injected with DiI-Ac-LDL. (a) Both the somitic nerves (green) and the intersomitic veins (isv) are visualized and can be seen in close proximity
(20 magnification). (b) and (c) are individual slices in the same z-stack (10 magnification) showing colocalization of the somitic nerves with the veins
(b) and not arteries (c).
62 A.J. Levine et al. / Developmental Biology 254 (2003) 50–67
somitic veins, two had individual intersomitic veins that
grew faster than more rostral veins. The detailed study of
the intersomitic vessels provided in this atlas is important
because this is an excellent region for studying subtle per-
turbations in the normal pattern of vessels. As shown in
Helbling et al. (2000), the repeating and stereotypical pat-
tern of intersomitic vein growth is a dramatic, yet sensitive
example of programmed angiogenesis.
The kidney vasculature is also a striking aspect of
Xenopus vascular development because it is the most
brightly labeled structure observed in this atlas, owing to
a high density of endothelial cells. Before the heart starts
to beat in Xenopus embryos, the pronephric sinus is
observable as a broad channel into which the veins of the
head and body meet and drain before returning to the
heart via the Duct of Cuvier. Between this point and stage
46, the vessels of the pronephric sinus form many loops
becoming a compact tangle of vessels. At this stage, the
vasculature of the Xenopus pronephros strongly resem-
bles the vessels in the adult mouse kidney (Motoike et al.,
2000). The coiling of the pronephric vasculature corre-
lates both temporally and spatially with the coiling of the
pronpehric duct described by Vize et al. (1995). Drum-
mond et al. (1998) first detected capillary growth into the
zebrafish pronephros at 48 hpf, corresponding to stages in
the mid-30s in Xenopus. However, the presence of DiI-
Ac-LDL in the pronephros of stage 33/34 Xenopus em-
bryos shows that vascularization of the Xenopus kidney
occurs earlier. The DiI-Ac-LDL can be seen in the pro-
nephric duct and is excreted through the cloaca in em-
bryos as young as stage 38, when Vize et al. (1995) report
that the duct fuses with the cloaca. It should also be noted
that the DiI-Ac-LDL is 500 kDa, much larger than the
approximately 50 kDa that is the largest size of proteins
freely filtered by the adult kidney (Molecular Probes
product information sheet; Brenner et al., 1978). This
suggests that either DiI-Ac-LDL is secreted by the pro-
nephros or the endothelial tight junctions responsible for
the integrity of the blood/urine barrier have not yet
formed.
Xenopus embryos as a model of vasculogenesis and
angiogenesis
The Xenopus embryo is a strong model for analyzing the
mechanisms of vasculogenesis and angiogenesis because of
the ease of its manipulation and visualization. Also, in
contrast to mammalian and chick cardiovascular mutants
that die early in development, amphibians can survive to
swimming tadpole stages without a functional circulatory
system, thereby allowing more extensive characterization of
abnormal phenotypes (Copenhaver et al., 1926).
Further, the overall vascular pattern of Xenopus embryos
shares greater similarity with the mammalian pattern than
do other models, such as the zebrafish. For instance, in both
human embryos (Evans et al., 1912) and Xenopus embryos,
a pair of vessels—an artery and a vein—is present at each
intersomitic junction. In zebrafish embryos, there is a ran-
dom pattern of intersomitic arteries and veins (Isogai et al.,
2001). This particular distinction is significant because the
intersomitic vessels are a useful area for observing pertur-
bations to normal vasculature development due to the highly
regular, repeating pattern of vessel growth (Helbling et al.,
2000). Further, the Xenopus posterior cardinal veins de-
velop as bilaterally paired vessels that fuse first in the tail
and then more rostrally (represented in Fig. 13). In contrast,
while Isogai et al. (1997) report a similar pattern in ze-
brafish, Isogai et al. (2001) show that zebrafish possess a
single medial pcv. Other major differences include the pres-
ence in Xenopus and absence in zebrafish of a mammalian-
type circulatory system with lungs and septated atria and a
vascular vitelline network (Kolker et al., 2000; Mohun et
al., 2000; Aoyama, 1956; Isogai et al., 2001). While the
above characteristics of Xenopus are easily observable in
this atlas, the lesser clarity of Xenopus embryos precludes
the observation of several important features that can be
seen in recent studies of zebrafish vasculature. These in-
clude the earliest stages of the dorsal aorta formation, the
subintestinal artery, and the hepatic vasculature (Isogai et
al., 2001).
Fig. 11. Abstract model of the development of the tail vasculature. This figure shows the rostral–caudal development (at an angled view) of the intersomitic
vessels, including the progressive sprouting of the vessels and progressive capillary outgrowth.
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Advantages and applications of DiI-Ac-LDL injection of
Xenopus vasculature
An important and unique advantage of visualizing em-
bryonic vasculature by injection of DiI-Ac-LDL into em-
bryo hearts is the ability to examine the blood vessels of live
embryos that can be followed over time to observe changes
in the pattern of blood vessels. The outgrowth of blood
vessels is an extremely dynamic process that involves ex-
tensive remodeling of existing vessels. Traditional means of
analyzing developing vasculature such as resin or dye in-
jections or in situ hybridizations are limited to characteriz-
Fig. 12. Stereotypical development of the vascular system. (a) Dorsal view of the dorsal longitudinal anastomosing vessel (dlav) showing the regular pattern
of paired intersomitic vessels at each somitic junction. (b) Ventral view of the posterior cardinal vein (pcv) showing the repeated pattern of intersomtic veins
branching into a triple capillary system. (a) A 10 magnification taken with a Zeiss Axioplan. (b) A projection of a z-stack (z-width 27.9 m) taken with
a confocal microscope.
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ing each embryo at one timepoint because these techniques
are toxic and examine a collapsed vasculature. Newer meth-
ods such as injection of FITC-labeled beads allow the vi-
sualizing of live vasculature, but the signal disappears rap-
idly as the beads are taken up by macrophages (Isogai et al.,
2001), and therefore, progressive analysis of intact, devel-
oping vasculature is not possible.
In contrast to these techniques, DiI-Ac-LDL can be in-
jected into embryo hearts and delivered to endothelial cells
that retain the label for days to weeks; this allows longer-
term analysis of this highly dynamic process and represents
a more realistic characterization of developmental vascular-
ization. In embryos injected at stage 33/34, the outgrowth of
the intersomitic vessels can be observed as a process of
budding off of the posterior cardinal vein followed by dorsal
outgrowth. As intersomitic vessels reach approximately
two-thirds of their final length, they begin to sprout capil-
laries that form a network between the intersomitic vessels.
Eventually, the intersomitic vessels are remodeled into a
more defined, regular pattern. Interestingly, vessels that are
formed after the injection of label also contain DiI-Ac-LDL-
labeled endothelial cells. This finding suggests that these
Fig. 13. This figure shows the progressive development of the longitudinal vessels, including the progressive fusion of the posterior cardinal veins (pcv) and
the emptying of the dorsal longitudinal anastomosing vessel (dlav) into the fused pcv.
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cells either arise from a distinct progenitor population that is
in communication with the general circulation and took up
the label, that they arise from neighboring endothelial cells
that were already part of the vasculature when the label was
injected, or that they are extensions of these cells. Two
equally powerful techniques for observing the progressive
growth of individual vessels include the use of transgenics
in zebrafish (Lawson and Weinstein, 2002) and the labeling
of blastomeres that contribute to endothelium with rhodam-
ine-dextran (Rovainen, 1991).
The potential for long-term characterization of the de-
veloping circulatory system will also further the exploration
of the relationship between vascular and other organ devel-
opment. Recently, it has been shown that the endothelium is
required for the proper development of other organs, such as
the liver and pancreas (Lammert et al., 2001; Matsumoto et
al., 2001). To determine the utility of combining the injec-
tion of DiI-Ac-LDL to visualize vasculature with transgenic
technologies to visualize other organ systems, we sought to
study the codevelopment of arteries and nerves. In the
vertebrate adult, nerves and blood vessels generally are
intimately associated with each other, existing in neurovas-
cular bundles. We examined the developing vasculature
together with the developing nervous system by injecting
DiI-Ac-LDL into the heart of transgenic frogs that express
a tau-gfp fusion protein under the control of a neural spe-
cific -tubulin III promoter (Marsh- Armstrong et al., 1999).
Our analysis shows that, as in the adult, intersomitic vessels
and somitic nerves follow intimately related paths. Unex-
pectedly, the nerves were found to specifically colocalize
with the veins and not the arteries (as determined by ana-
tomical position), suggesting that remodeling occurs after
stage 46 in Xenopus development that creates the neurovas-
cular bundles that contain nerves, arteries, and veins.
In summary, we have shown that DiI-Ac-LDL can be
used to label the vascular network in vivo; this allows for
the observation of the dynamic processes involved in vas-
cular outgrowth and remodeling during normal embryogen-
esis and in experimentally manipulated states. In the future,
we plan to use this technique in combination with gain-of-
function screens to identify genes implicated in vasculogen-
esis and angiogenesis. In addition, the coupling of DiI-Ac-
LDL labeling and FACS sorting of specific endothelial
subpopulations will be a powerful tool to identify the mo-
lecular signature underlying local differences within the
vasculature.
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